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Edited by Felix WielandAbstract As a cell-speciﬁc organelle, acrosome (Acr) and its
formation are an important event for spermiogenesis. However,
the Acr formation is far more complicated than has been pro-
posed. In this study, we have cloned a novel membrane protein
Afaf (Acr formation associated factor) that was expressed abun-
dantly in the round spermatids, localized in the inner and outer
membrane of forming Acrs, and declined in the maturing Acrs.
In the transfected Hela cells, Afaf protein was localized in the
plasma membrane, EEA1-positive early endosomes (EEs) and
occasionally in the nuclei. Therefore, we propose that EEs and
plasma membrane may be also directly involved in the Acr bio-
genesis.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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A haploid round spermatid diﬀerentiates into a hydrody-
namically shaped spermatozoon with its head covered by a
large membrane organelle – the acrosome (Acr). The Acr is
a speciﬁc membrane organelle that forms during spermiogene-
sis. In the seminiferous tubules, Acr formation includes four
phases: Golgi phase, cap phase, Acr phase and maturation
phase. More and more data from investigations using electron
microscopy, immunohistochemistry and immunoﬂuerescence
indicate that the forming Acr is derived from Golgi apparatus
[1]. But Golgi apparatus seems not to be the only origin for
Acr biogenesis. For example, Acrin2 may not use the Golgi
pathway to reach the Acr [2,3].
Acr and lysosome also seem to be distinct organelles. Acr of
mature sperm contains not only common enzymes of lyso-
somal origin but also unique acrosomal enzymes [4]. Classical
lysosome membrane proteins such as glycoprotein (lgp) 120,
mouse lysosome-associated membrane protein-1 (Lamp-1),
cathepsin D and late endosomal (M6PR) markers are associ-Abbreviations: Afaf, acrosome formation associated factor; EEA1,
early endosomal autoantigen 1; ER, endoplasmic reticulum; Acr,
acrosome; EE, early endosome
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doi:10.1016/j.febslet.2006.06.010ated solely with lysosomes in rat spermatids, and not with
the Acr or proacrosomal vesicles [5]. Moreover, Lamp-1 and
Lamp-2 appeared to be associated with cytoplasmic vesicles
(lysosome) and not with the developing Acr [6].
However, previous reports imply that endosome system is
also a possible origin for forming Acr supported by the pres-
ence of rab7 and rab5 in the Acr and the involvement of
Hrb in the formation of Acr [7,1,8]. The fact that brefeldin
A treatment of round spermatids disrupts the Golgi but not
the Acr implies the Acr is not a simple coalesce of the Golgi-
derived vesicles [9]. Plasma membrane and endocytic traﬃck-
ing have also been suggested to contribute to Acr [9]. The data
also suggest that extra-Golgi derived membrane factors are
critical in the early steps of Acr formation.
As a specialized organ, Acr has the common features of sev-
eral classical vesicles and the unique characteristic of its own.
The isolation and localization of novel factors or known mem-
brane vesicle factors from extra-Golgi traﬃcking pathway is
important in elucidating the mechanism of Acr formation. In
this study, we report a novel vesicle factor derived from the
early endosome (EE) traﬃcking pathway that might partici-
pate in the Acr formation.
2. Materials and methods
2.1. Reagents and animals
Cell culture and general reagents were obtained from Invitrogen
(Carlsbad, CA), Beijing Chemical Reagents (Beijing, China) and Sigma
(Sigma–Aldrich St. Louis, MO) unless speciﬁed otherwise. Restriction
enzymes were purchased from New England Biolabs and TaKaRa
(China). Early endosomal autoantigen 1 (EEA1) monoclonal antibody
(BD Transduction Labs, CA), Lamp3 monoclonal antibodies (Santa
Cruz, CA) recognize antigens of human origin. Anti-mouse, anti-
rabbit and anti-goat secondary antibodies coupled to TRITC, FITC
or biotins, alkaline phosphatase-conjugated streptavidin were pur-
chased from Zhongshan Golden Bridge (Beijing, China). Goat anti-
rabbit IgG conjugated with 10-nm gold particles was purchased from
Sigma. BODIPY TR ceramide and ER-Tracker Blue-White DPX were
purchased from Molecular Probes (Eugene, OR).
Adult Sprage-Dawley rats and adult CD-1 mice were obtained from
the Experiment Animal Center, Chinese Academy of Sciences. The ani-
mals were treated in accordance with the NIH Guide for the Care and
Use of Laboratory Animals in Beijing.
2.2. Multiple tissues RT-PCR and the coding sequence cloning
Total RNAs from adult rat and mouse tissues and NIH 3T3 cells
were extracted for RT-PCR analysis. The universal primers used to
amplify a 328 bp fragment were 5 0-AAC AGC AGT GAG CAT
GGA TGA TA-3 0 and 5 0-CTC AGG AGG AAG GAA GCT TGA
C-3 0. According to the sequence represented by NM_027089 (Acces-
sion No.) in GenBank, we cloned the coding sequence of rat and
mouse Afaf cDNA by RT-PCR.blished by Elsevier B.V. All rights reserved.
Table 1
Primer pairs used in the transfection experiment
Name Primer pairs (50–30)
Long/short Sense/SalI GGATGTCGACGACCAATTTCCCAA
Antisense/
BamHI
TTATGGATCCTTACTCGGTGATCCTT
Nm Sense/SalI GGATGTCGACGACCAATTTCCCAA
Antisense/
BamHI
ACTCGGATCCCTTTTGTCACTTAGGT
Y.-C. Li et al. / FEBS Letters 580 (2006) 4266–4273 42672.3. Recombinant protein expression and antibody production
The peptide used for raising antibody was derived from the N-termi-
nal sequence of Afaf. The primer pairs for N-terminal sequence are:
forward/NdeI (5 0-GAC AGC ATA TGG GTG TGA CAC TTT CA-
3 0) and reverse/BamHI (5 0-CGG ATC CAT TAA CTT CAG CTT
GAT TT-3 0) without the putative terminal peptide sequence. After
being double digested with NdeI and BamHI, the PCR products were
cloned into pET21b(+) vector in frame with the C-terminal His6-tag
and the constructs were veriﬁed by DNA sequencing. Two recombi-
nant proteins were puriﬁed, immunized and the antiserum was pre-
pared according to a previous report [10].N Sense/SalI GGATGTCGACGACCAATTTCCCAA
Antisense/
BamHI
CCAGCGGATCCTTCAGCTTGATTT
Cm-l/Cm-s Sense/SalI CAGCGTCGACTGTGATGGCTACCAA
Antisense/
BamHI
TTATGGATCCTTACTCGGTGATCCTT2.4. In situ hybridization
Probes used in in situ hybridization corresponded to the protein cod-
ing regions. The digoxigenin-labeled speciﬁc cRNA probe was then
used for in situ hybridization as previously reported [10]. Final color
development was performed with BCIP/NBT solution for 4 h. The sec-
tions hybridized with sense probes were used as negative controls.C-l/C-s Sense/SalI CAAGTCGACACACATGGGTGACAAAAG
Antisense/
BamHI
TTATGGATCCTTACTCGGTGATCCTT
2.5. Immunohistochemistry
Immunohistochemistry was performed as previously described [10].
5 lm paraﬃn sections of rat testicle tissue were incubated with the rab-
bit anti-Afaf antibody (diluted 1:300 in 10% horse serum-PBS, RT,
30 min), the biotin-labeled secondary antibody (RT, 30 min) and then
with alkaline phosphatase-conjugated streptavidin (RT, 30 min)
sequentially. Sections were stained with alkaline phosphate red sub-
strate (Vector Laboratories) and were counterstained with hematoxy-
lin. The sections incubated with the preimmune rabbit serum were
included as negative controls.2.6. Immunogold electron microscopy
Testes from adult rats (Sprague-Dawley) were used for immunogold
electron microscopy. Seminiferous tubular samples were ﬁxed in a mix-
ture of 1.5% glutaraldehyde and 3.4% paraformaldehyde (electron
microscope grade) in 0.1 M phosphate buﬀer, pH 7.2. After washing
in PBS and dehydration in ascending series of ethanol, samples were
embedded in LR-White (Sigma) at 50 C for 72 h. Ultra-thin sections
were cut on LKB III microtome (Sweden) and mounted on nickel
grids. Anti-Afaf polyclonal aﬃnity-puriﬁed sera (see above) were used
at working dilutions of 1:2000 in PBS containing 0.1% Tween 20, 1%
bovine serum albumin, and 1% goat serum. Bound antibody was de-
tected by incubating the sample overnight at 4 C with goat anti-rabbit
IgG conjugated with 10-nm gold particles (Sigma), by using a 1:20
working dilution. Sections were counterstained for 5 min with 5% ura-
nyl acetate in deionized water, and specimens were examined using a
H-7500 transmission electron microscope (Hitachi) operated at an
accelerating voltage of 80 kV.2.7. Confocal microscopy and colocalization studies
The whole coding and the truncated coding sequence of Afaf
cDNA were PCR cloned directionally into EGFP-N1 (BD Clontech)
in frame with the N-terminus of EGFP gene. Primer pairs are
shown in Table 1. The two full coding sequences were named long
and short; the N-terminal sequence with or without transmembrane
element was named Nm and N respectively; the C-terminal with or
without the transmembrane element was named Cm and C. Se-
quences from the long and short transcript labeled with -l or from
the short transcript labeled with -s. NIH3T3 and Hela cells were
transfected with the lipofectamine 2000 essentially as described in
the manufacturer’s manuals (Invitrogen). The empty vector of
EGFP-N1 was transfected as control. Transfected cells grown on
coverslips in 24-well plate were ﬁxed in 4% paraformaldehyde for
20 min at room temperature (RT). First antibody (rabbit anti-Afaf
1:1000 or mouse anti-eea1 1:100 or mouse anti-lamp3 1:100) and
TRITC- or FITC-conjugated appropriate secondary antibodies were
used and slides were counterstained with Hoechst 33258 (250 ng/ml)
(Sigma). Golgi apparatus and endoplasmic reticulum (ER) were
stained with BODIPY TR ceramide and ER-Tracker Blue-White
DPX (1:10000), respectively. Slides examined under a laser-scanning
microscope (Zeiss). Sperm-smeared slides were treated with the same
procedure and preabsorbed anti-Afaf serum was used as negative
control.3. Results
3.1. Cloning of Afaf cDNA and its putative protein product
analysis
We cloned a new mouse Afaf cDNA (GenBank Accession
No.: DQ336137) and the rat cDNA (GenBank Accession
No.: DQ336136) by RT-PCR. Both the cDNAs have open
reading frames encoding putative protein products of 296
and 280 amino acids, respectively. Homologous sequences
from mouse, rat, chimpanzee, and human were aligned
(Fig. 1). None of these proteins have any functional annota-
tions. All proteins have a putative transmembrane region,
which adapted a leucine zipper structure in it and belonged
to the type Ia membrane protein family.3.2. Afaf was expressed in multiple tissues and was abundant in
spermatids
Afaf was expressed nearly in all the tissues examined by RT-
PCR with the highest expression level in mouse and rat testis
and epididymis (Fig. 2A). Our results showed that there was
one band in all the detected rat tissues and 2 bands in all the
detected mouse tissues by using primer pairs aligned to the
C-terminal part of the protein (data not shown). Afaf mRNA
was mainly localized in the round spermatids in the seminifer-
ous tubules as indicated by the in situ hybridization results of
adult rat testis (Fig. 2B).
3.3. Afaf protein was localized in murine Acr and associated with
Acr formation
As shown in Fig. 3, Afaf was expressed in the developing
Acr. Afaf ﬁrst appeared in step 3 spermatid of Golgi phase,
the cap phase, and the Acr phase, then its level declined dra-
matically in step 13, the low level expression persisted during
maturing phase (step 15–19). Afaf concentrated in the Acr with
the highest level in the cap phase (step 4–7) and the initial sev-
eral steps in the Acr phase (step 8–12). But there was no signal
in Golgi phase granules of step 1 and step 2 spermatids. How-
ever, our anti-Afaf sera cannot react to the denatured antigen
of Afaf (data not shown).
Fig. 2. Expression of Afaf in mouse and rat tissues. (A) RT-PCR
detection of Afaf mRNA in rat diﬀerent tissues, in mouse testis and
3T3 cells. 1, NIH3T3 cells; 2, adult mouse testis; 3, adult rat testis; 4,
rat kidney; 5, rat epididymis; 6, rat prostate; 7, rat ovary; 8, rat small
intestine; 9, rat stomach; 10, rat large intestine; 11, rat brain; 12, rat
spleen; 13, rat liver; 14, rat lung; 15, rat heart. (B) In situ hybridization
of Afaf transcripts in seminiferous tubules (stage III–stage VI) of adult
rat testis.
Fig. 1. Sequence alignment of putative Afaf protein products from rat, mouse, chimpanzee and human. All the putative protein products except that
of the chimpanzee have a putative signal peptide (blue double-line box) in their N-termini. All sequences have a transmembrane domain (red line
box). The putative sorting and internalization signals of ETRFLL and DHQLLL are only present in the two mouse sequences (green blocks).
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principle cells in epididymal epithelia
Consistent with the high mRNA level expressed in the epidid-
ymis, the protein level was also high in its epithelia of the mouse
caudal epididymis in the perinuclear region of the principle cells
(Fig. 4A). The epididymal sperm from mouse caudal and caput
fragments was slightly stained in the Acr (Fig. 4A and B) and in
rat Acr from the caput epididymal sperm (Fig. 4C).
3.5. Afaf protein was localized in the outer and inner membrane
of rat Acr
Immunoelectron microscopy showed both the outer and the
inner membrane of rat Acr from step 5 spermatids were labeled
with gold particles (Fig. 5A and B). Gold particles were rarely
seen in Golgi apparatus.
3.6. The putative transmembrane element was key for the
truncated Afaf-GFP protein to target to vesicle-like
structures in NIH 3T3 cells
Afaf had 2 transcripts (long and short) in mouse and one
sequence in rat. We cloned both transcripts in frame with
Fig. 3. Expression and localization of Afaf protein (red) in Acrs of rat spermatids at diﬀerent steps. Seminiferous tubules at diﬀerent stages were
labeled with the corresponding Roman letters. Nuclei were stained with hematoxylin. A schematic representation of Afaf protein (red) distribution in
the Acrs of rat spermatids at diﬀerent steps was shown in the bottom panel. Deep red and light colors represent high and low levels of Afaf protein
respectively.
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or ‘‘Afaf-short-GFP’’ respectively) and transfected into 3T3
cells (Fig. 6A). Moreover, we cloned 3 truncated sequences
including the transmembrane region (N, Cm-l, Cm-s) and
another 3 truncated sequences without the transmembrane
region (N, C-l, C-s), in frame with GFP protein. All con-
structs with the transmembrane element were localized with-
in vesicle-like structures in perinulear region (long, short,
Nm, Cm-l, Cm-s in Fig. 6B). Constructs without the mem-
brane element (N, C-l, C-s) were all distributed diﬀusively
over cytoplasm and nuclei in transfected cells like empty
EGFP-N1 plasmids transfection (GFP in Fig. 6B), since
all these constructs were below 50 kDa and can freely diﬀuse
into the nucleus.
3.7. Afaf protein was partially colocalized in the EEA1 positive
vesicles in transfected Hela cells
To study the target of Afaf in the membrane system, we
checked diﬀerent vesicles using speciﬁc markers for Golgi
apparatus (BODIPY TR ceramide, red), ER (ER-Tracker
Blue-White DPX, blue), EE (EEA1, red) and lysosome (lamp3,
red). BODIPY TR ceramide was not colocalized with Afaf in
step 3 and step 6 spermatids on mouse testis cryosections
(Fig. 7A and B). It was also not colocalized with ER and the
Golgi apparatus in NIH3T3 cells (Fig. 7C, C 0). TransfectedAfaf-long-GFP and Afaf-short-GFP were also not colocalized
with Golgi apparatus and ER in 3T3 cells (data not shown).
Lamp3 is a well-established component of the late endosomal
and lysosomal membranes rich in lysobisphosphatidic acid in
regulating cholesterol transport [11]. But Lamp3 did not colo-
calize with Afaf in transfected Hela cells with Afaf-short-GFP
(Fig. 7D, D 0). Another vesicle system that we checked in Hela
cell was the EE. In several repeated experiments, we found that
about 50% of the EEA1-positive vesicles were also Afaf-short-
GFP positive (Fig. 7E, E 0).
3.8. The versatile and distinct distribution patterns of Afaf in
NIH 3T3 and Hela cells
Endogenous Afaf had nucleocytoplasmic shuttling capabil-
ity in NIH 3T3 cells, which was similar to transfected
Afaf-GFP. In some fast growing 3T3 cells, there were more
endogenous Afaf proteins in the cytoplasm than in the nuclei
(Fig. 8). The G1-S phase cells treated with 2 mM hydroxyurea
for 24 h had more Afaf in the nuclei (Fig. 8B). Nearly all the
Afaf proteins entered into the nuclei after the cells being trea-
ted with 1 mM H2O2 for 30 min (Fig. 8C). During anaphase,
Afaf was distributed diﬀusively in vesicles of cytoplasm. Our
results showed Afaf in normal cells shuttled freely into nuclei
and the amount in nuclei seemed to be dependent on the status
of cell cycles and growth status.
Fig. 4. Expression and localization of Afaf protein in murine
epididymis. (A) Afaf protein (red color) was localized in the Acrs of
the caudal epididymal sperms of mouse (black arrowhead) and in the
principal cells of the epididymal epithelium (black arrow), but not in
the clear cells (white arrow head). Nuclei were stained with hematox-
ylin. Afaf protein (green) was also localized in the Acrs of the caput
epididymal sperms of mouse (B) and rat (C) respectively. Condensed
sperm nuclei were counterstained with PI (red).
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only distribute to cytoplasm and nuclei, but also to plasma
membrane in Hela cells (Fig. 8F and G), though it was rarely
to be seen in transfected Afaf in 3T3 cells. But the diﬀerent
localization patterns of Afaf in Hela cells were still unknown
for us although the cell culture condition was the sameFig. 5. Electron micrographs of Afaf in the Acrs of round spermatids at ste
arrow heads) and occasionally in the Acr granules (black arrow heads), but(Fig. 8E–G). And the discrepancy of Afaf-GFP distribution
in 3T3 cells and Hela cells was also unknown.4. Discussions
In the present study, we have provided evidence to show that
Afaf is a novel membrane protein and expressed in the Acrs of
germ cells and in EEA1-positive EEs in Hela cells. The trans-
membrane region however is essential in mediating the target-
ing of vesicle-like structures in cells. Endogenous Afaf is
accumulated in the nuclei, while the transfected constructs have
the vast majority locating in the punctuate structures or perinu-
clear region in the cytoplasm (Fig. 6). This phenomenon of
Afaf would be hardly explained at present because of limitation
of available data. It is essentially like the previous study of the
distribution pattern between Eps15R and GFP-Eps15R [12].
The nucleocytoplasmic shuttling of Afaf is still hard for us to
interpret. However, this phenomenon has also been observed
on other membrane proteins. Box-dependent myc-interacting
protein-1, Eps15R, Epsin1, eps15, p47 (during interphase),
CALM and a-adaptin [13,14] are all shown to be nucleocyto-
plasmic shuttling. The distribution of Afaf seems to be associ-
ated with cell cycle and physiological status, although its
constitutive accumulation in nuclei of 3T3 cells is more like
that of eps15R [12]. In G1-S phase, more endogenous Afaf
proteins enter into nuclei like p47 [14]. High concentration of
H2O2 can lead to nearly all the endogenous Afaf proteins shut-
tling into nuclei, which is distinct from the constitutive distri-
bution of eps15 [13] Therefore, bi-directional transport of
Afaf may be an important regulatory means for cells to re-
spond to advert insults. The regulating of Afaf is still an inter-
esting question yet to be answered in the future.
The localization of Afaf in plasma membrane and in EEs im-
plies a possible traﬃcking path in the Acr formation process.
The internalized pits from the plasma membrane fuse with
the EE ﬁrst and EE is a key control site for sorting receptors
[15]. EEA1-positive EEs (EEs), also known as sorting endo-
somes (SEs), are transient structures that mature into LEs (a
process regulated by rab7) or recycling endosomes (a process
regulated by rab11); SEs can also recycle membrane proteins
back to the cell surface (a process regulated by rab4) [16]. Afafp 5. Immuno-gold was intensively labeled in the Acr membrane (white
were not in the Golgi apparatus (A and B). Scale bar: 0.5 lm.
Fig. 6. Localization of full length and truncated forms of Afaf fused
with GFP in 3T3 cells. (A) Schematic representation of full length and
truncated forms of Afaf. (B) All constructs as well as the empty GFP
vector were transfected into 3T3 cells. Nuclei were stained with
Hoechst 33258.
Fig. 7. Colocalization of Afaf positive vesicles and other vesicles.
(A,B) in Acr of step 3 and step 6 spermatids. (C, C 0) in 3T3 cells. (D,
D 0) in transfected Hela cells. (E, E 0) in transfected Hela cells. Nuclei
were stained with Hoechst 33258 (blue) in D 0 and E 0. Bar, 20 lm.
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out entering LEs, lysosomes, ER, Golgi apparatus in Hela
cells. Similarly, we propose that in spermatids, Afaf might also
follow the plasma membrane–endosome–Acr direction. On the
other hand, we have no evidence showing Afaf is secreted from
Golgi apparatus and then is directly transported to Acr.
Considerable data have shown that the ER–Golgi–Acr is the
main transport direction for Acr formation. However, experi-
mental data still exist to corroborate extra-Golgi traﬃcking
routes in Acr biogenesis, which implies the forming Acr needs
at least some other Acr-speciﬁc or other factors from endocytic
and exocytotic paths. Moreover, melanosomes, lytic granules,
MHC class II compartments, platelet-dense granules, basophil
granules, azurophil granules, Drosophila pigment granules,
enlargeosome and signalosome are all formed through versa-
tile origin in cells [17,16]. According to our model (Fig. 9),
there are 4 putative extra-Golgi transport paths. Path 1 is
ER-to-Acr pathway, which has been elucidated previously
[2,3]. Path 2 is the possible way for Afaf directly from the plas-
ma membrane through EE to Acr. The path can interpret why
plasma membrane also exists on Acr as previously reported [9].
Path 3 and path 4 were however derived from the rab7 [18], but
still need more convincing evidences.
The period of more Afaf on the Acr is coincident with the
fast forming stages of Acr and this phenomenon also impliesthe close relationship between Acr formation and Afaf func-
tion. The almost exclusive presence of Afaf in the Acr is
similar to v-SNARE, syntaxin homologues, VAMP and
NSF, which has been proposed that Acr formation consti-
tutes the main process involving intracellular membrane traf-
ﬁcking/fusion [18]. This also implies the possible function of
Afaf in membrane traﬃcking/fusion process. The low abun-
dance on the mature sperm Acr may be the result of the de-
cline of membrane traﬃcking/fusion process in the maturing
Acr.
Overall, data in the present study imply the existence of ex-
tra-Golgi route for Acr biogenesis. Further investigations
should be performed to verify this hypothesis in the future.
Fig. 8. The nucleocytoplasmic shuttling of Afaf. (A–D) showed the endogenous Afaf protein (green) in normal control 3T3 cells (A), in cell at the
anaphase of mitosis (B), in cells at G1-S phase treated with hydroxyurea (C) and H2O2 (D). Golgi apparatus was stained with BODIPY TR ceramide.
(E–G) Localization of short Afaf-GFP fusion protein in transfected Hela cells (green). (H) Localization of Afaf without the transmembrane region in
Hela cells. Sorting endosome was stained as red. Bar, 20 lm.
Fig. 9. Schematic representation of the pathways involved in biogen-
esis of Acr. Solid arrows indicate transport steps that have been well
documented and veriﬁed, whereas dashed arrows indicate hypothetical
transport steps. Numbers denote the extra-Golgi transport steps that
are possibly contributing to formation of Acr. Path 1, the direct
transport path from ER to Acr; path 2, the transport path from plasma
membrane through EE directly to Acr (the hypothetical traﬃcking
path of Afaf); path 3, transport path from LE to Acr; path 4, the
transporting route from lysososme to Acr. Abbreviations: SE, sorting
endosome; RE, recycling endosome; LE, late endosome; L, lysosome;
TGN, trans-Golgi network.
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